Abstract We examined the influence of dynamic visual scenes on the motion perception of subjects undergoing sinusoidal (0.45 Hz) roll swing motion at different radii. The visual scenes were presented on a flatscreen monitor with a monocular 40°field of view. There were three categories of trials: (1) trials in the dark; (2) trials where the visual scene matched the actual motion; and (3) trials where the visual scene showed swing motion at a different radius. Subjects verbally reported perceptions of head tilt and translation. When the visual and vestibular cues differed, subjects reported perceptions that were geometrically consistent with a radius between the radii of the visual scene and the actual motion. Even when sensations did not match either the visual or vestibular stimuli, reported motion perceptions were consistent with swing motions combining elements of each. Subjects were generally unable to detect cue conflicts or judge their own visualvestibular biases, which suggests that the visual and vestibular self-motion cues are not independently accessible.
Introduction
Spatial orientation includes central integration of ambiguous motion cues Mayne 1974; Young 1984 ) from both sensory (e.g., vision, vestibular organs, and proprioception) and non-sensory (e.g., efferent copy, cognition) sources. As an example of ambiguous sensory cues, the otolith organs cannot intrinsically separate linear acceleration from gravity; like all graviceptors/ linear accelerometers, they measure gravito-inertial force, defined as the difference between gravity and acceleration (GIF = g -a). Additional information is thus required in order to disambiguate head tilt from head translation in darkness (Angelaki et al. 1999; Droulez and Darlot 1989; Glasauer 1995; Merfeld et al. 1993) .
As with all studies that investigate graviceptor responses using dynamic motion stimuli (Angelaki et al. 1999; Glasauer 1995; Merfeld et al. 2005a, b; Park et al. 2006) , matters are complicated by the fact that the otolith organs are not our only graviceptors. Specifically, Mittelstaedt and colleagues have reported that truncal receptors influence perceived body tilt (posture) without affecting either perceived subjective visual vertical (perceived orientation of a visual line with respect to the perceived direction of gravity) or perceived head tilt (Mittelstaedt 1996 (Mittelstaedt , 1997 (Mittelstaedt , 1999 . Given these reports that non-vestibular graviception has a reduced influence on head-bound perception, studies have focused primarily on vestibular perception (arising from forces and accelerations acting on the inner ear) by asking subjects to focus full attention on their head translation and head tilt (Merfeld et al. 2005a, b; Park et al. 2006; Rader et al. 2009 ).
The most recent of these studies (Rader et al. 2009 ) reported that perceived head motion for roll-tilt in the absence of visual cues (i.e., in the dark) represented a geometrically consistent compromise of available sensory cues. Specifically, although subjects reported their motion with significant errors for some cue combinations, motion perception was consistent with the geometric constraints of swing motion. This finding supports earlier studies that have demonstrated a strong influence of cognition on tilt/ translation resolution (Wertheim et al. 2001; Wright et al. 2006) . Might similar cognitive influences be found for visual and vestibular cue combinations during swing motion, and how would visual-vestibular conflicts interact with these effects?
We designed a set of studies to answer these questions by combining dynamic visual cues with dynamic roll swing motion. While much is known about the contributions of static visual cues to tilt/translation resolution (e.g., Asch and Witkin 1948; Bagust et al. 2005; Howard 1982; Li and Matin 1995; Singer et al. 1970; Vingerhoets et al. 2008) and the contributions of dynamic visual cues with the body stationary (e.g., Benson 1978; Dichgans et al. 1972; Howard and Heckmann 1989; Wright et al. 2006; Yasui and Young 1975; Zupan and Merfeld 2003) , only a few studies (Gresty et al. 2003; Wright et al. 2005 Wright et al. , 2009 ) have examined how dynamic visual cues contribute to tilt/ translation resolution during dynamic whole body motion.
This study expands upon these previous dynamic visual-vestibular interaction studies in the following ways: (1) the swing motions blend tilt and translation in a recognizable combination; (2) the stimulation frequency (0.45 Hz) was about twice that of earlier visual-vestibular studies, putting it in a range where both visual and vestibular cues are key contributors; (3) we included profiles where the inter-aural gravito-inertial force was perceptually ''nulled''; (4) even when the visual and vestibular stimuli were in conflict, the visual stimulus was compatible with motion that the motion device could provide at another radius. This emphasizes the ''believability'' of the visual cues in order to maximize their influence on motion perception (Fig. 1) .
We hypothesized that subjects would report motion that was geometrically consistent with swing motion, but inconsistent with either the actual motion (Fig. 1b) or the visual stimuli (Fig. 1c ) when these were inconsistent with each other (Fig. 1a) . Specifically, we hypothesized that the subjects would perceive swing motion (Fig. 1d) that reflected a compromise between the visual and vestibular cues. Furthermore, because visual, vestibular, and efferent interactions occur very early-in the vestibular nuclei (Cullen 2004; Cullen and Minor 2002; Henn et al. 1980 )-we hypothesized that subjects would be unable to access information regarding the lack of consistency between the cues. This would contribute to subjects being unable to distinguish if their perception was more consistent with the visual stimulus or actual motion, or determine when the cues were in conflict.
Methods
Using a servo-controlled swing (Massachusetts Eye and Ear Infirmary ''tilt device'', Neurokinetics, Inc, Pittsburgh, Fig. 1 a Graphical representation of one example combination of actual motion and visual scene combination used in the experiment. All actual motions and visual scenes represent swing motions at a chosen radius (which can agree or differ). b-e Alternative perceptions that could result from the stimulus: b Perception consistent with swing motion at the actual radius (ignoring the visual cues).
c Perception consistent with swing motion at the radius shown by the visual scene (ignoring vestibular cues). d Perception consistent with swing motion derived from a weighted combination of visual and vestibular cues (our hypothesis). e Perception of general motion inconsistent with swing motion PA), we generated roll-tilt motion profiles with sinusoidal time courses. These oscillations were symmetric about the upright position and combined tilt and translation to generate a y-axis (see coordinate frame, Fig. 2a ) GIF that varies with radial arm length. A description of all motion profiles tested can be found in Table 1 , and the profile classes are graphically presented (along with some results) in Fig. 3 .
A frequency of 0.45 Hz and tilt angle of 10°were selected for all trials so results could be compared with those from our previous study. Each trial included ramp-up and ramp-down periods of about 1 min each, with steadystate motion for about one and a half minutes between. The subject's ear canal position with respect to the rotation center was varied from 20 cm above (?20 cm) to 122 cm below (-122 cm) .
In trials where a subject's ear was 122 cm below the center of rotation, their y-axis otolith GIF was effectively ''nulled'' below threshold. Although body graviceptors would still be expected to provide some information at this position, the trunk-level dynamic y-axis GIF was significantly reduced compared with normal swing motion. For example, the peak y-axis acceleration at body-level did not exceed 0.6 m/s 2 , less than half the 1.3 m/s 2 steady-state value shown by Mittelstaedt to influence body tilt (Mittelstaedt and Mittelstaedt 1996) . Moreover, we specifically asked subjects to report their motion with respect to the bridge of their nose to emphasize head motion perception.
Subjects were restrained by torso side clamps, a five point harness, and by an MRI shoulder and head mask (Aquaplast, Inc. thermoplastic 4.8 mm disposable S-frame: part number RT-1992SD) individually molded to each subject. Breeze cues were minimized with long pants, a long-sleeve shirt, a balaclava, and gloves.
Visual scenes
Some trials were performed in complete darkness. For other trials, a visual scene was displayed on a flatscreen monitor showing a pre-recorded video-created by placing a video camera on the tilt device at subject eye positiondepicting the same motion a subject would see if they were watching from that radius in a lighted room.
There were three types of experimental trials: The monitor was mounted in front of the subjects at a distance of approximately 38 cm from the pupil in order to maximize the angle of view (AOV). Studies have shown that AOV is a critical factor in visual scene influence, with a strong sense of vection beyond 30° (Paige et al. 1998) . A black cardboard mask with a circular aperture was affixed to the screen to create a ''porthole'' window 28 cm in diameter, resulting in a 40°AOV (Fig. 2b, c) .
The visual scenes were recorded at each experimental radius using a Kodak Easyshare C813 camera mounted at the subject's eye position. This camera recorded QVGA 320 9 240 pixel resolution images at 30 fps in QT-JPEG format. Timing between the recorded scene and actual motion was precisely controlled by using an experimentally tuned electronic impulse trigger and was verified using a third-person video that showed the visual scene at the same time as the actual motion (\17 ms, or less than 1 frame error). With the visual and actual radius at 0 cm, the subjects thought they were at 0 cm. (Center-left) With visual radius at 0 cm and the actual radius at -122 cm, the subjects thought they were somewhere between, but closer to the visual radius. (Centerright) With visual radius at -122 cm and the actual radius at 0 cm, the subject thought they were somewhere between, but again closer to the visual radius. (Right) With the visual and actual radius at -122 cm, the subject thought they were close to -122 cm. Note that the tilt angle is overestimated in all cases, yet geometric consistency is preserved Throughout the experiment, the subjects and the flatscreen monitor were enclosed in a shroud in the dark so that the only source of light in any trial was the visual scene projected in front of them. In order to minimize vergence cues, subjects viewed the scene monocularly with their dominant eye; an eye patch covered the other eye.
Subjects and instructions
Ten healthy subjects (4 men, 6 women; age 23-52 or 32 ± 9 years) were pre-screened as ''normal'' via standard clinical vestibular tests (caloric, rotation, EquiTest posturography, and Hallpike positional testing). All subjects provided informed consent. Six subjects (3 men, 3 women) had participated in a previous separate companion experiment (Rader et al. 2009 ) that used similar motion profiles without visual cues. All ten subjects performed three sessions, totaling 36 trials (3 9 12), for this study.
Before starting the experiment, subjects watched a presentation on the monitor that familiarized them with the range of motions of the device and the instructions on how to report their perception of motion. Specifically, three questions were asked during training and during the experiment:
1. What is the maximal side-to-side translation you are experiencing? 2. If you feel like you are tilting, what is your best estimate of the distance to the center of rotation? 3. What is the maximal head tilt to either side you are experiencing?
Subjects were told that the motion would be symmetric, and to report using any cues they have available, including the visual scene and their ''internal sense''. The majority of the subjects were most familiar with estimating small distances in inches, so all subjects were required to report all distances in inches and all angles in degrees, although distances have been converted into SI units for presentation.
For each of the questions, the subjects were also asked about their level of confidence in their answer in order to determine whether a visual-vestibular conflict, if detected at all, might manifest as a reduction in subjective confidence. Confidence was the chance out of 10 that their answer should be correct to within 2°(for tilt) or 5 in. (for translation/radius). Confidence was plotted as a fractional value between 0 and 1 (i.e., if subject reported 2, this was plotted as 0.2).
For comparison, correctness (0-1) was computed as a ratio of how many responses were within the specified range (2°or 5 in.) divided by the total number of responses. Note that subjects would be perfectly judging their ability to perform the task if their confidence equaled their correctness. Subjects were considered overconfident if their confidence was higher than their correctness.
In addition to verbal reports, dynamic tilt perception was recorded by having subjects keep a somatosensory tilt bar (Park et al. 2006 ) level with their perceived Earth horizontal at all times. The tilt bar signals were measured using potentiometer analog data at 60 Hz (angular discrimination \ 0.1°). This task also served to maintain subject alertness and verify compliance.
Experiment design
The experiment consisted of three sessions of 12 randomly ordered trials. The order was changed for the second and third sessions (Table 1 ) in order to examine and balance out order effects. There was also a training session immediately preceding each experimental session.
Magnitude estimation and training
We focused on obtaining reliable verbal reports because we have previously found that subjects are able to reliably report their motion as long as (1) tasks are precisely defined and (2) a focused training regime is carefully designed not to bias the results (Rader et al. 2009 ). Subject reports were based on a direct magnitude estimation task using real values (in.) rather than ratios. However, without training, this method often yields non-linear scaling errors as the expansion of the perception domain increase with the increase in stimulus magnitude (Class I stimulus as defined by Stevens for his psychophysical law: Sensation = A 9 (Stimulus) n (Stevens 1957) . In fact, no subject can be considered a blank slate, and all start with different degrees of familiarity with (1) experiencing these types of motions, (2) making these types of perceptual judgements, and (3) reporting their perceptions. Thus, it is essential to train subjects to reduce inter-subject variability and familiarize them with the experimental reporting method. Furthermore, in our earlier study (Rader et al. 2009 ), we confirmed that untrained naïve subjects had much higher reporting variance than trained subjects, though the mean reports were not significantly different without training.
Subjects were trained using 12 representative motion profiles (6 light/6 dark) for peak tilt angles between 5°and 25°, even though only 10°was examined in the experiment (Table 1) . To avoid introducing biases, subjects were not trained with cue conflicts. During training, subjects received feedback on their answers.
The training was successful in helping subjects to accurately report their perceived motion in light and dark; while experienced subjects initially demonstrated less variability, by the end of the first training session all subjects were consistently reporting with a correctness of over 50% (up from 10% in some cases for less experienced subjects).
Post-test survey and rod and frame test
A survey was administered after the third experimental session asking subjects how well they thought they performed overall on estimation of tilt angle, translation, and radius, and asking them how much they thought they were influenced by (1) the visual scenes and (2) their ''internal sense''. Subjects also completed a computerized rod and frame test (Grabherr et al. 2008 ) that has demonstrated results consistent with other computerized rod and frame tests (Bagust et al. 2005; Lopez et al. 2006 ) that show only slightly smaller field dependence than the classic test (Asch and Witkin 1948) .
Hierarchical mixed regression analysis
A two-stage hierarchical mixed regression (HMR) model (SYSTAT, version 12, SYSTAT Software, Inc.) estimated the effects of the independent variables (subject, actual radius, y-axis nulling, and viewing radius) on the dependent measures (perceived tilt angle, perceived horizontal translation, and perceived radius) reported by subjects and averaged over each experimental session. Two-stage least squares (TSLS) regression was used to account for each subject's random effect (White 1982) . In the first stage, the independent variables were regressed on the subject (treated as an instrumental variable). In the second stage, the dependent variables were regressed on all the variables, including the values of the independent variables estimated in the first stage. TSLS produces heteroskedasticity-consistent standard errors for instrumental variable models (SYSTAT).
For each dependent variable, the analysis minimized the residuals at each step to fit linear models of the form
where Y j is one of the measured dependent variables (perceived tilt angle, horizontal translation, or radius), (A ? S i ) is the grand mean plus a random subject effect (''intercept'') from the first regression stage, the x k are independent variables, the b k are the corresponding estimated coefficients, and e l,k is noise. Each coefficient gives the slope of the measured variable (e.g., reported tilt) against the corresponding variable, x k . The principal independent variables were actual radius and viewing radius. A categorical variable was used for yaxis nulling (yes = 1 or no = 0). In addition, gender, age, session number, trial order within session, subject weight, subject field dependence, and various answers to post-test questionnaire were also examined. We also examined regression models examining the cross-effect terms for the independent variables (e.g., viewing radius 9 y-axis nulling).
Repeated measures ANOVA
For horizontal translation and radius reports, we performed an ordinary repeated measures ANOVA on the dependent variable correctness with the two within-subject factors 'visual condition' (conflict, no conflict, dark) and 'type of estimate' (subjective, objective).
Paired t-test
We tested geometric consistency using a paired t-test, where reported radii were compared with radii calculated geometrically from reported horizontal translation and tilt angle. For this analysis, trials with reported tilt angles of less than 5°(around just 5% of total cases) were not included because their computed radii became very high (eight or more standard deviations from the mean).
Results

Overview of main findings
The results for the ''Dark'' conditions were similar to those from our previous experiment (Rader et al. 2009 ). Perception of motion was generally veridical, except that yaxis nulling increased tilt perception while decreasing horizontal translation and radius perception.
When the visual scene was present, manipulation of both the visual scene (i.e. viewing radius) and vestibular cues (actual radius) had strong effects on subject reports (Fig. 3) . Overall, the viewing radius had a greater influence than the actual radius on subjective reports of perceived tilt angle, horizontal translation, and radius).
Hierarchical mixed regression analysis
We found no significant effects of trial order, gender, age, or anthropometry. There were no consistent significant effects of session or order, but some subjects performed noticeably less well in certain sessions. These ''off days'' were few in number and did not follow a consistent pattern.
In models of tilt angle, horizontal translation, and radius perception (Table 2) we found significant effects of actual radius, viewing radius, and y-axis nulling in five out of a possible nine cases. Note that two of the four cases that were not significant were the effect of actual radius on perceived tilt and the effect of viewing radius on perceived tilt. These effects were not expected to be significant since actual tilt angle was not dependent on either radius. The random subject effects were not significant overall for perceived radius, and the model accounted for more than 95% of the variance. We did not find significance of any cross-effects of the independent variables (e.g., P = 0.26 for viewing radius 9 y-axis nulling).
Angle of tilt
As shown in Fig. 4a , subjects overestimated their reported angle of tilt slightly; most reports from individual trials fell in the 11°to 14°range, whereas the actual angle was 10°f or all trials. Tilt angle reports were not significantly different from the 0.45 Hz data from the previous experiment in the dark (Rader et al. 2009 ). As shown by the HMR model, y-axis nulling significantly increased reported tilt angle (P \ 0.01). In all but one case, reports tended to be slightly closer to the real angle of 10°when visual and vestibular radii agreed, but this effect was not significant. We found no significant effect of varying the visual radius on perceived tilt, but we would not expect to find such an effect since the visual scene showed the same tilt angle in all cases.
Neither confidence nor correctness was significantly affected by the absence of a visual scene (Dark), or whether or not the viewing radius agreed with the actual radius (Conflict/No Conflict) (Fig. 4b ). Subjects were significantly overconfident (i.e., confidence greater than correctness) for all three visual conditions (P \ 0.05 for each).
Horizontal translation
Subjects reported their horizontal translation accurately for dark trials lacking y-axis nulling and for trials with the visual scene in agreement with the actual radius (Fig. 5a) . The HMR presented previously showed that y-axis nulling caused subjects to underestimate their horizontal translation by 4.3 cm (P \ 0.01). The visual scene acted as a strong attractant of subject reports as indicated by the regression analysis (P \ 0.01) and by the fact that translation estimates were strongly skewed toward the translation of the visual scene in the ''conflict'' case (Fig. 5a ). However, we did not find a significant effect of the actual Fig. 4 a Subject reported mean tilt perception versus radius grouped by view condition. Actual tilt angle was 10°in all cases. b Correctness (fraction of times subjects were within ± 2°) and confidence for ''conflict-C'' (viewing and actual radius different), ''no conflict-NC'' (viewing and actual radius the same), and ''dark-D'' cases. Significant results (P \ 0.05) are marked *. Correctness and confidence would be equal if subjects were able to perfectly judge their ability to perform the estimation task. Error bars represent standard error radius on translation estimates (P = 0.26). Overall, when the visual scene agreed with the actual motion (''no conflict'' cases), it improved reports (Fig. 5b) . However, when the visual scene was different from the actual radius (''conflict''), it acted as a confound. Confidence was not affected by the absence of a visual scene (Dark), or whether or not the viewing radius agreed with the actual radius (Conflict/No Conflict) (Fig. 5b) . However, subjects were much more likely to be correct (within ± 5 in.) in the ''no conflict'' cases and much less likely to be correct in the ''conflict'' cases (all P \ 0.01). The ANOVA on correctness demonstrated that significant differences existed between conflict, no conflict, and dark cases in terms of their effect on subjective confidence and objective correctness (P \ 0.01).
Roll radius
As with translation, radius reports were fairly accurate when there was no y-axis nulling for both the ''dark'' and ''no conflict'' cases (Fig. 6a) . The visual scene acted as a strong attractant of subject radius estimates as indicated by the regression analysis (P \ 0.01) and by the fact that radius estimates were strongly skewed toward the viewing radius in the ''conflict'' cases (Fig. 6a) . By contrast, the actual radius acted as a significantly weaker (though still highly significant) attractant of subject radius estimates Fig. 5 a Subject reported mean horizontal translation perception versus radius grouped by camera position. b Correctness (fraction of times subjects were within ± 5 in.) and confidence for ''conflict-C'' (viewing and actual radius different), ''no conflict-NC'' (viewing and actual radius the same), and ''dark-D'' cases. Significant results (P \ 0.05) are marked *. Correctness and confidence would be equal if subjects were able to perfectly judge their ability to perform the estimation task. Error bars represent standard error Fig. 6 a Subject reported mean radius perception versus radius grouped by camera position. b Correctness (fraction of times subjects were within ± 5 in.) and confidence for ''conflict-C'' (viewing and actual radius different), ''no conflict-NC'' (viewing and actual radius the same), and ''dark-D'' cases. Significant results (P \ 0.05) are marked *. Correctness and confidence would be equal if subjects were able to perfectly judge their ability to perform the estimation task. Error bars represent standard error (P \ 0.01). As a result, when the viewing radius agreed with the actual radius (''no conflict'' cases), it improved reports. However, when the viewing radius was different from the actual radius (''conflict''), it acted as a confound.
As with angle of tilt and horizontal translation, radius confidence did not vary between ''dark'', ''no conflict'', and ''conflict'' cases (Fig. 6b) . However, subjects were much more likely to be correct (within ± 5 in.) in the ''no conflict'' case and much less likely to be correct in the ''conflict'' case (all P \ 0.01). The ANOVA on correctness demonstrated that significant differences existed between conflict, no conflict, and dark cases in terms of their effect on subjective confidence and objective correctness (P \ 0.01).
Overall influence of the visual scene
In trials with visual cues, subjects reported translations and radii closer to what was displayed visually than to their actual motion; i.e., the viewing radius had significantly more influence than the actual radius on perceived horizontal translation and perceived radius (both P \ 0.05). To demonstrate this effect graphically, Fig. 7 shows the average difference between the reported radius and the viewing radius arranged next to the average difference between the reported radius and the actual radius. A similar plot for horizontal translation is also shown in Fig. 7 . Note that the differences between the reported values and visual values are significantly smaller than the differences between the reported values and actual values for both radius and horizontal translation.
Other results
Variability during initial training did not significantly correlate with later variability, which suggests that the training successfully reduced variability associated with lack of prior experience and is consistent with our earlier findings (Rader et al. 2009 ). As in this earlier study, the somatosensory bar results were consistent with the tilt angle verbal reports for all profiles.
During the experiment, only four subjects reported any motion sickness symptoms, and only one reported a value higher than ''2'' on a 0-20 scale (a ''9'' in one trial). This report, as well as over 70% of all reports of motion sickness, occurred during ''conflict'' trials. We found no significant correlation of field dependence (as determined by the rod and frame test) with either performance in making estimates or with influence of the visual scene. On the posttest surveys, all subjects reported that their ''other senses'' had at least as much influence on their estimates as the visual scene, and some reported that they had far more influence (contrary to the actual data, which showed visual stimuli, when present, having a larger influence on average than motion cues).
Discussion
We found significant effects of y-axis nulling, the actual radius, and the viewing radius on subject motion perception. In all cases, the visual radius had significantly more influence on subject motion perception than the actual radius.
Tilt angle, translation, and radius Subjects overestimated their tilt angle, especially in cases where the y-axis forces were nulled. This was also noted in our previous study which examined dark trials only (Rader et al. 2009 ) and has been suggested to arise as part of a safety mechanism in an unfamiliar environment (Guedry and Harris 1963; Israel et al. 1995; Ivanenko et al. 1997; Jongkees and Groen 1946) . The fact that the visual scene had no appreciable effect on this phenomenon (Fig. 4) suggests that visual information (at least when projected in front of a subject with a limited field of view) is insufficient to attenuate this tendency.
In dark trials, translation and radius estimates were nearly veridical when there was no y-axis nulling and were Fig. 7 a Overall mean difference from radius and horizontal translation consistent with viewing and actual radius for ''conflict'' cases. Significant results (P \ 0.05) are marked *. Error bars represent standard error. Individual subject data are also plotted as a horizontal line with a subject identifier (1-10). Note that only the reports of subjects 7 and 10 were closer to the actual values than the visual values Exp Brain Res (2011) 210:173-184 181 significantly underestimated with y-axis nulling present. This suggests that the lack of confirming y-axis otolith cues drew the perception of motion toward an interpretation of being closer to the center of rotation and at a larger angle. However, this effect was independent from, and smaller than, the attractive influence of the visual scene (discussed below). A lack of y-axis otolith information has two possible interpretations: (a) no motion in the y-axis or (b) swing motion at exactly the correct set of radius, tilt angle, and frequency. While interpretation (b) was in fact the actual motion case in the experiment, interpretation (a) is arguably more likely in everyday life since few motions combine the exact radius, frequency, and angle to achieve near cancelation of y-axis forces. Such prior estimates of probability of different classes of motion could influence neural processing toward solutions favouring motions of lower amplitude when y-axis forces are nulled. Combined with a preferential focus on the extant cues (e.g., semicircular canal cues), this could drive perceptions toward those observed in the experiment. This suggests that while internal models are able to correctly resolve motions even if some cues (e.g. y-axis otolith signals) are absent, the implementation may be imperfect and rely to some extent on weighted processing, filtering (i.e. frequency segregation (Mayne 1974) ), experience, or cognition.
The fact that the estimates of horizontal translation were not close to zero even when the y-axis GIF was nulled suggests that subjects relied on an internal model. In our previous study (Rader et al. 2009 ), we found that an observer model originally developed by Merfeld et al. (1993) and Merfeld and Zupan (2002) , and further elaborated by Haslwanter et al. (2000) and Vingerhoets et al. (2006) could account for an overestimation of tilt angle and the effects of y-axis nulling in the dark. However, agreement between the experimental and model results was significantly improved when the model outputs were fit to the geometry of swing motion in order to account for cognitive influences (discussed below). In the present experiment, the visual scene either reinforced or counteracted these effects, depending on whether it provided confirming or contrary information.
Geometric consistency and cognitive influences
Even when the visual and actual radius were significantly different and subjects made large perceptual errors, their reports of tilt, translation, and radius were internally geometrically consistent with swing motions that the tilt device could actually generate. More specifically, using any two of the three quantities-angle of tilt, horizontal translation, and radius-one could correctly calculate the third. When questioned afterward, subjects indicated that they did not perform this calculation overtly; and yet their reports did not deviate significantly from the geometric constraint across any of the cases (confirmed by paired t-tests on geometric inconsistency: dark P = 0.41; conflict P = 0.14; no conflict P = 0.42). Thus, subjects did not report radii significantly different from values that were geometrically consistent with their reported tilt angles and horizontal translations.
This geometric consistency was likely built up as a cognitive influence on perception through knowledge of the tilt device capabilities acquired during informed consent and in training. Similar cognitive influences have been reported in linear acceleration perception studies (Wertheim et al. 2001; Wright et al. 2006) and is particularly strong when subjects actually see the motion device before or during the experiment (Israel et al. 1993 ).
Influence of the visual scene
The visual scene was the strongest attractant of subject reports in all cases. This indicates that our pre-recorded visual scene was sufficiently immersive to strongly drive perception, even when combined with completely different vestibular cues. Overall, subject reports were significantly more consistent with the viewing radius than with the actual radius. These results are an extension of previous studies that have demonstrated the dominant role played by vision during tilt or translation motion (Wright et al. 2006 (Wright et al. , 2009 . However, this contrast with the post-test questionnaire results, where all 10 subjects rated ''influence of internal sense'' as equal to, or greater than, ''influence of visual scene''.
Even though both y-axis nulling and the visual scene were individually highly significant, we found no crosseffect (P = 0.26), and thus surmise that both effects are perceived independently. In other words, the effectiveness of the visual scene was neither amplified nor mitigated by the presence of y-axis nulling, and vice versa. This suggests that the perceptual contribution of the visual scene did not increase when it could have been used to correct perceptual errors-probably because the subjects could not distinguish trials that included y-axis nulling from those that did not.
Moreover, influence of the visual scene was neither correlated with overall performance nor field dependence as established by the rod and frame test. Two subjects (7 and 10 in Fig. 7 ) did demonstrate a small tendency to report perceptions slightly more consistent with the actual radius than the visual scene, but these subjects did so for different reasons. Subject 7 had the lowest overall reporting errors across the three cases (dark, no conflict, and conflict); it is possible that this subject was actually more influenced by their vestibular and proprioceptive cues, but this is impossible to establish. Subject 10 reported a conscious effort to reject the information displayed by the visual scene, and as a result ended up with the highest overall errors of any subject because the visual scene agreed with the correct radius as often as it differed.
Visual-vestibular conflict
Confidence varied remarkably little across trials (see standard error bars in Figs. 4b , 5b, and 6b) and was not affected by the presence of cue conflict. By contrast, cue conflict dramatically reduced a subject's likelihood of being correct (as demonstrated by the ANOVAs as well as individual t-tests). This supports the idea that motion perception and the judgement of the degree to which a set of cues make up a compelling perception may be driven by dissociable processes (Wright et al. 2006) .
Some previous experiments have demonstrated that subjects can detect conflict between projected visual scenes and device motion (Berger and Bulthoff 2009; Butler et al. 2006) , although this was for large differences in translation gain factors, or even motion in a different direction. In the present experiment, at least the tilt angle and frequency cues were congruent even in the ''conflict'' case. Moreover, subjects in conflict detection studies only correctly identify conflict-free cases around 55% of the time (Berger and Bulthoff 2009 )-near the overall confidence levels of subjects in this experiment.
Not only were subjects unable to reliably identify trials with cue conflicts but also were apparently not aware of their biases toward the visual scenes. Seven out of ten subjects reported that they were less influenced by the visual scene (with the remaining three reporting equal influence); however, the opposite was in fact true. Further, subjects were not able to judge their performance in estimating horizontal translation or roll radius. We found no correlation between subjects who thought they performed well or poorly at the estimation tasks and those who actually did perform well or poorly. In other words, subjects as a whole failed to reliably assess their ability to perform the estimation tasks. In fact, we found no reliable predictor of performance or of visual scene influence (experience, gender, age, post-test self-assessment, field dependence, etc.). This carries profound implications for situations where people may experience conflicting sensory cues without realizing it.
Summary
The results showed that subjects were influenced by both the visual scene and their actual motion, although the visual cues were more influential. Subjects generally reported perceptions consistent with radii somewhere between the radius of the visual scene and the actual radius in a manner consistent with motions that could be actually produced by the tilt device, highlighting the cognitive influences on motion.
These results suggest that subjects used internal models to combine all visual and vestibular cues, along with known geometric constraints, to estimate their overall motion. Moreover, subjects were not in general able to overtly detect cue conflicts, nor judge their biases (visual vs. vestibular) or performance, suggesting that this information is not accessible at a conscious level.
